, "Microoptoelectromechanical systems-based external cavity quantum cascade lasers for real-time spectroscopy," Opt. Eng. 57 (1) Abstract. We report on mid-IR spectroscopic measurements performed with rapidly tunable external cavity quantum cascade lasers (EC-QCLs). Fast wavelength tuning in the external cavity is realized by a microoptoelectromechanical systems (MOEMS) grating oscillating at a resonance frequency of about 1 kHz with a deflection amplitude of up to 10 deg. The entire spectral range of the broadband QCL can therefore be covered in just 500 μs, paving the way for real-time spectroscopy in the mid-IR region. In addition to its use in spectroscopic measurements conducted in backscattering and transmission geometry, the MOEMS-based laser source is characterized regarding pulse intensity noise, wavelength reproducibility, and spectral resolution. © The Authors.
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Introduction
The mid-IR spectral region from 3 to 12 μm is of particular interest for spectroscopic applications as molecules have their ro-vibrational transitions within this energy range. These transitions appear as a characteristic spectral absorption pattern, ideally suited for identification of molecules or functional groups. The availability of wavelength-tunable mid-IR lasers has opened up a variety of new applications of mid-IR spectroscopy. [1] [2] [3] [4] [5] [6] Compared to incoherent light sources such as glow bars or LEDs, tunable lasers have various key advantages, e.g., exceptional spectral power density and resolution, and an almost diffraction limited, collimated output beam. Compact and rugged devices based on semiconductor lasers bear great potential as an enabling technology to transfer mid-IR spectroscopy from laboratory analysis to field use. In the mid-IR, quantum cascade lasers are ideally suited for this task, 7 complemented by interband cascade lasers at short wavelengths (3 to 5 μm). 8, 9 The spectral coverage obtainable with a single quantum cascade laser (QCL) chip has significantly improved over the past few years. [10] [11] [12] Ever-increasing coverage increases molecular specificity by enabling the acquisition of more of the characteristic spectral fingerprint and increases instrument utility by making it sensitive to a larger range of molecules. External cavity configurations with wavelength-selective feedback are the most common approaches to exploit the full tuning range provided by the QCL chip. Also, distributed-feedback laser arrays have been used to realize broadly tunable QCL sources. 13 In addition to large tuning ranges, many applications require high scanning speeds of the laser wavelength, especially in nonstatic scenarios. Chemical reactions or moving objects can only be monitored by spectroscopic systems with sufficiently high spectral scanning speeds. Another interesting application of fast tunable lasers is handheld sensing devices that have to account for inevitable slight movements of the hand holding the device, and consequently the beam directed at the sample.
There have been several advances regarding the spectral scanning speed of EC-QCLs, e.g., a folded Littrow-type external cavity with a piezo-driven intracavity mirror by Tsai and Wysocki, 14 achieving tuning ranges of up to 7 cm −1 with a scan rate of 5 kHz. In a similar setup, Hugger et al. 15 employed a MOEMS mirror driven resonantly at 6 kHz (167 μs per cycle), scanning from 1070 to 1240 cm −1 within 84 μs. Lyakh et al. incorporated an acousto-optic modulator in the external cavity 16, 17 and obtained a spectrum spanning 110 cm −1 in 17 μs.
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In this paper, we report on recent results obtained with our fast scanning EC-QCL system, [19] [20] [21] employing a MOEMS grating optimized specifically for broad spectral tuning in the mid-IR. The MOEMS grating is resonantly driven at a rate of 1 kHz. This approach significantly reduces weight and volume of the overall laser source to the point at which its ruggedness and the very lowpower consumption of the MOEMS scanner also allow for the realization of handheld applications for in-field deployment.
Sections 2 and 3 provide a description and characterization of the laser source. In Sec. 4, various spectroscopic measurement scenarios employing the MOEMS EC-QCL are presented to demonstrate its real-time capabilities.
Microoptoelectromechanical Systems-Based
Miniaturized External Cavity Laser The MOEMS EC-QCL is based on different QCL chips designed and grown at Fraunhofer IAF. For broadband tuning in the 7-to 10-μm range, chips based on a heterocascading active region design 21, 22 are operated in pulsed mode. Continuous wave (cw) measurements are conducted using an active region design optimized for maximum gain rather than broad tuning range. An antireflective (AR) coating is applied on the laser facet facing the resonator to suppress lasing on internal chip modes. On both the front and back facets of the laser chip, collimation lenses with high numerical aperture are aligned under operating conditions and glued to the heatsink. The Littrow configuration [see Fig. 1(a) ] is completed by the silicon-based MOEMS scanner grating acting as wavelength-selective element in the external cavity [ Fig. 1(b) ]. The electrostatically driven circular scanner plate (5-mm diameter) is suspended by torsional springs and capable of deflection amplitudes up to 10 deg, with an integrated piezoresistive position sensor unit. 23 A trapezoidal (V-groove shaped) diffraction grating was etched into the top of the scanner plate. The diffraction grating for the 7 to 10 μm range used in this contribution has a groove density of 133 lines∕mm.
The electrostatic scanner is driven by a custom-made control electronics board, which provides a trigger signal synchronized to the scanner oscillation and retrieves the amplitude information from the integrated position sensor. That in turn is used to determine the angle of the MOEMS grating and thus the emission wavelength of the laser source at any given time, as well as to synchronize grating motion and data acquisition. More details on the design and fabrication of the MOEMS module can be found in Ref. 19 .
Our first demonstrator module contains this package in a stable housing, including a miniaturized laser pulse driver, Peltier element for temperature stabilization, and control electronics for the MOEMS scanner [ Fig. 1(c) ]. The laser is operated at room temperature; therefore, no capsulation is needed.
Assuming harmonic, distortion-free oscillation of the grating, the emission wavelength of the laser source as a function of time is given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 6 9 7
where g is the grating constant, α center is the Littrow angle at zero crossing, A is the deflection amplitude of the MOEMS scanner, f is the oscillation frequency, and t 0 is the time of the zero-crossing of the grating. This formula is used to convert the recorded data stream to spectroscopic data. As a consequence of this nonlinear time-wavelength correlation, equidistant sampling in the time domain-as has been done in this work-does not lead to equidistant spectral sampling but rather to higher sampling densities at the edges of the tuning range. However, constant spectral sampling could in principle be accomplished by an adapted trigger scheme.
3 Characterization of the Microoptoelectromechanical Systems-External Cavity Quantum Cascade Lasers
Setup
Depending on the operation mode of the laser, different laser drivers are used. For pulsed operation, a short-pulse voltage driver capable of delivering pulses with a pulse length between 50 ns and 10 μs and a current of up to 3 Amperes is used. A dedicated QCL low-noise current driver (Wavelength Electronics QCL2000) drives the laser chip in the case of cw operation. To measure laser intensity, photovoltaic mercury cadmium telluride (MCT) detectors (VIGO System) are used, thermoelectrically cooled to about 210 K, with a rise time of <3 ns. A gated integrator (Stanford Research SR250) with variable gate delay and a gate width of 100 ns is employed for time-resolved measurements, and spectra are taken by an FTIR spectrometer (Bruker Vertex 80) with a fast MCT detector that allows for boxcar-integrated, time-resolved spectral characterization of the laser source.
Fast spectroscopy measurements as shown in Sec. 4 are conducted with the laser in pulsed mode driven with repetition rates of 400 to 500 kHz, yielding 400 to 500 spectral sampling points within the oscillation period of 1 ms. To reconcile the very rapid tuning rate of the laser to the slow measurement acquisition of the FTIR spectrometer when measuring the absolute optical frequency produced by the laser source as a function of MOEMS grating position, the acquisition of the FTIR detector was gated with variable delay with respect to the trigger signal produced by the MOEMS positional output (Fig. 2) . This allows for slower data acquisition methods and time-resolved spectral investigations using an FTIR.
Figure 3(a) shows the tuning ranges of several chips in external cavity operation used for measurements shown in this paper, all with maximum peak power levels of several hundred mW. Figure 3 (b) shows a transmission spectrum of a GaAs wafer with a thickness of 124 μm recorded with the MOEMS EC-QCL equipped with chip #2, exhibiting clearly visible interference fringes of the GaAs etalon.
These fringes provide a quick and easy way to monitor the spectral tuning behavior, e.g., on an oscilloscope.
Pulse-to-Pulse Fluctuations
For an evaluation of the laser source with regard to pulse-topulse intensity fluctuations, chip #2 is driven with 100 ns pulses at fixed delays to the MOEMS trigger (i.e., fixed wavelengths). The integrated pulse intensity is then recorded for time periods of 5 min. Allan deviation plots 24, 25 of the data are shown in Fig. 4 . As long as short-term noise dominates over long-term drift, the inverse dependence of Allan deviation on averaging interval length appears as a straight line on the log-log scale. It is apparent that up to averaging intervals of about 10 s, no drift effects affect laser noise performance. Note that for a laser source aiming at real-time applications, the envisioned averaging interval times are much shorter (typically below 100 ms). For such interval lengths, the normalized standard deviation of mean pulse intensity is on the order of 10 −3 . Allan deviation is measured Fig. 2 The time dependence of the angle of a typical MOEMS grating is shown in blue. The rectangle indicates the boxcar window gating the detector at variable time delays from the MOEMS trigger. When operating the laser in pulsed mode, the laser pulse is timed accordingly. Allan plots: two-sample deviation (Allan) plots of pulse intensity are shown to differentiate between short-term pulse intensity noise and long-term drift-measured with both static MOEMS scanner (emitting at 1105 cm −1 ) and moving scanner. Starting at intervals of about 10 s, drift effects start to appear, corresponding to several thousand averaged spectra.
Optical Engineering 011010-3 January 2018 • Vol. 57 (1) in both static mode (i.e., with the scanner turned off) and dynamic mode. Using a variable gate delay of the boxcar integrator, multiple dynamic Allan plots are recorded at different wavelengths. Differences in overall noise level are tentatively attributed to the varying prevalence of mode hops at different grating angles.
Linewidth and Spectral Reproducibility
Spectral emission linewidth and wavelength reproducibility are among the most important characteristics of any laser source to be employed in spectroscopic applications. In pulsed operation, the typical spectral width 20 of its emission lies between 1 and 2 cm −1 . Changing to a cw-capable laser [chip #3, see Fig. 3(a) ] allowed us to significantly reduce the spectral width of its emission. The laser is driven with 800 mA of cw current and stabilized at a heatsink temperature of 20°C. Spectra are taken using the gated spectrometer and boxcar integrator, measured at different times of the scanner oscillation by tuning the time delay between MOEMS trigger signal and boxcar window (100 ns gate width). An exemplary spectrum of the cw MOEMS EC-QCL is displayed in Fig. 5 (blue) , exhibiting a spectral width of FWHM ¼ 0.27 cm −1 , limited by the resolution of our FTIR spectrometer. The spectrum taken with a static scanner (i.e., actuation of the scanner turned off, grating in its rest position) exhibits the same, instrument-limited linewidth. Obviously, the scanner movement does not impair the linewidth over the measurement time of about 30 s it takes to record one FTIR spectrum. From these measurements, it can be inferred that the spectral reproducibility of the MOEMS EC-QCL within that time frame is better than the spectral resolution of the FTIR (0.27 cm 
Real-Time Spectroscopy
To demonstrate the capabilities and versatility of the MOEMS EC-QCL as a spectroscopic light source, we performed different types of spectroscopic measurements described in the following section. 
Backscattering Spectroscopy
The first application to be discussed is contactless ("standoff") identification of chemical substances on surfaces over a certain distance by diffuse reflectance spectroscopy.
In previous publications, we investigated this topic in a security-related context with the means of hyperspectral imaging using a slow-scanning EC-QCL for active illumination of the scene and a high-end MCT camera for collecting the backscattered radiation. With a tripod-mounted system with a large-aperture collection optics, small amounts of explosives and related precursors could be detected over distances of about 20 m with spectral scanning times on the order of 10 to 30 s. 20 Here, we present our first results obtained with a QCL-based handheld scanner designed to detect a wide range of substances on arbitrary surfaces over shorter distances of about 0.5 to 2 m. These developments are driven by the need of first responders for portable and simple-to-use detection hardware for fast identification of suspicious, potentially hazardous substances. Importantly, the technique works at eye-safe power levels. The MOEMS EC-QCL represents an ideal laser source for a handheld device, as one main challenge (in addition to the obvious requirement of a compactness and low weight) are slight, unavoidable movements of the hand holding the device and hence the laser beam. This issue can be solved by fast spectral scanning, as every single spectrum is collected in a time short enough to consider the beam stationary. Recently, we performed measurements in a comparable laboratory optical setup situation, where laser and detector were still fixed on an optical table, and the sample was moved manually during measurement to mimic the handheld-situation. 19 Here, we present, for the first time, results using a handheld device.
The handheld demonstrator (Fig. 7) contains a MOEMS EC-QCL as light source, equipped with a QCL chip tunable from 1000 to 1300 cm −1 . The laser is operated in pulsed mode at ∼500 kHz, 100 ns. The sample is illuminated with a collimated beam of ∼5-mm diameter. The beam is collinear with the optical axis of the receiver optics, a 4 in. f∕2 mirror that collects and focuses the diffusely scattered light onto a fast, thermoelectrically cooled MCT detector (Vigo System). In this first demonstrator, the operating distance was fixed to 1 m, with the signal remaining above 85% within a total defocus range of ∼10 cm. Beam position and working distance are indicated to the operator by two visible laser diodes crossing their beams in the focal plane of the receiver optics. A forward facing camera and rear-facing monitor are provided for operator feedback. The most recent constantly acquired spectrum is displayed in real time, along with the forward facing field of view. In Fig. 8, we show that diffuse reflectance spectra measured with this device are well comparable to those obtained by established reflectance spectroscopy using an IR microscope coupled to an FTIR.
Samples as shown in Fig. 8 could be identified with our handheld scanner in quasi real-time by comparing the recorded spectra with a database, using a simple and very fast cross-correlation algorithm (not shown). While this approach is successful on bulk samples (i.e., strong coverage of the underlying substrate), detection of residual material on scattering substrates often poses the problem of background interference, i.e., significant contributions of the a priori unknown substrate to the recorded spectrum. In previous work on imaging detection, we showed that this can be accounted for by suitable data analysis, if a hyperspectral image (spatially resolved spectral information over a certain area) of the sample is available and contains uncontaminated pixels providing the respective background spectrum. 26 Here, such a dataset is obtained by scanning the beam manually over a sample of polyamide contaminated with the explosive pentaerythritol tetranitrate (PETN) for a few seconds. The sample and approximated path of the beam are shown in Fig. 9 (a). Figure 9 (b) shows color-coded time-resolved spectra taken during the recording process. Each column is treated as a pixel of a hyperspectral image by our target detection algorithms, described in detail e.g., in Ref. 26 .
Here, we want to point out that the only necessary input is the target spectrum while the unknown background is extracted from the dataset by the algorithm. The top row of Fig. 9(b) shows the time-resolved detection results. In Fig. 9(d) , the spectra obtained in regions considered as "PETN contaminated" as well as in uncontaminated regions are shown. Despite strong contributions of the polyamide background present in all spectra, PETN is identified, and the spectrum of pure PETN is recovered from the data by spectral unmixing [Fig. 9(c) ]. Similar results were obtained with other hazardous contaminations and substrates.
We note that the described approach does not deliver actual "real-time" results as in the case of cross correlation, analyzing single spectra. First, the spatial scan has to be completed, as our background-suppressing algorithm requires the entire dataset.
Current work on the optical part includes implementation of an autofocus for variable distance measurement and reducing the overall size. Furthermore, data acquisition and analysis, which took place on a separate computer, will be integrated in the device to provide a truly mobile scanner.
Transmission Spectroscopy for Quality Control of Coatings
In our second example, we demonstrate how the MOEMS-EC QCL can be used to monitor coating quality. A potential, , and our PETN library spectrum used for detection. Right: the PETN library spectrum is recovered from the data after unmixing using our detection algorithms.
Optical Engineering 011010-6 January 2018 • Vol. 57 (1) challenging, and timely example of in-line monitoring using our technology is the application of a coating such as glue or silicone to a thin foil, or the detection of contaminations (oil, silicone, etc.) on a foil before the coating process. Such applications with industrial context typically require high measurement speeds to achieve sufficient spatial resolution on fast moving samples. We prepared a silicone coating with intentional defects (i. e., gaps) on a polyethylene foil by manual spray coating. The foil is glued to a chopper wheel, which allows moving the sample at predefined velocities. The foil is measured in transmission geometry with the laser beam being focused on the foil (NA ∼ 0.05) to ensure high spatial resolution. The chopper wheel has five segments containing [see Fig. 10(a) ] A. PE foil, B. silicone on PE with a 6-mm-wide line defect, C. silicone on PE with 4-mm defect, D. silicone on PE with 3-mm defect, and E. silicone on PE with 2-mm defect. In Fig. 10(b) , we show the measured transmission spectra versus time for a scan velocity of 0.5 m∕s. Spectra recorded while the laser was blocked by the spokes of the chopper wheel were removed, as they contain no useful information (zero transmitted intensity). All spectra are referenced to a PE foil with no coating applied. The spectra from segment A are an indicator for the deviations of the PE foil thickness from the reference foil.
In Fig. 10(c) , we compare a single transmission spectrum of the silicone coating measured with the MOEMS EC-QCL with an FTIR reference measurement for the same sample. The silicone coating exhibits several strong absorption bands in the considered spectral range of 1000 to 1300 cm −1 . Using the strongest absorption bands, a simple quality parameter was constructed. In Fig. 10(d) , we plot the quality parameter. All defect lines, including those with the smallest width of 2 mm could be identified. It becomes obvious that the coating thickness varies strongly throughout the sample due to our manual coating process. However, from the measured spectra, a limiting value distinguishing between a good and faulty or not existing coating can be defined.
We note that in Fig. 10(d) , each point corresponds to a single spectral scan. The spatial resolution for a velocity of 0.5 m∕s is ∼0.5 mm along the moving direction using the full MOEMS scan period of 1 ms for the construction of one spectrum, as has been done here. During one such period the full spectral range is covered twice (once in either direction), therefore the above spatial resolution could be doubled. For the smallest defect of 2-mm width, this causes a deviation of the quality parameter in four consecutive IR spectra, which matches well with the experimental results. The evaluation of the full spectral dataset allows for an increased signal-to-noise ratio and less dependence on other changing parameters such as changes in the foil thickness due to the fast and fluttering movement of the sample.
Transmission Spectroscopy of Gases
Our third example is real-time absorption spectroscopy in the gaseous phase. 19 In its present form, the MOEMS EC-QCL is not intended for high-resolution spectroscopy of narrow gas absorption lines. While narrow linewidth can be provided in cw operation, length adjustment of the resonator during a wavelength scan is currently not implemented; therefore, the laser will undergo mode-hops during spectral scanning, as shown in Sec. 3.3. However, the absorption spectra of some gases consist of somewhat broader absorption bands, and these gases are well suited to be probed by a pulsed laser source with a spectral resolution on the order of 1 cm −1 . The MOEMS EC-QCL allows fast tracking of changes in gas concentration as shown below. Note that also in a scenario where the main concern is not real-time monitoring but mere detection of some gaseous compounds, fast spectroscopy can still be very valuable. In turbulent media, for instance, spectra taken over longer periods than occurring changes in composition are very difficult, if not impossible, to interpret. These issues are avoided by fast spectral scanning, as every single recorded spectrum is meaningful.
Here, we chose isopropanol vapor as a model gas with two broad spectral features in the 7.5-to-9 μm range. The beam of the MOEMS EC-QCL equipped with chip #1 is directed at an integrating sphere. Its intensity is recorded with a fast MCT detector placed at the exit port of the sphere. Air saturated with isopropanol vapor is blown through a small hole into the integrating sphere that also acts as a very simple means to increase the absorption length as the laser light undergoes multiple internal reflections before reaching the detector. The temporal evolution of the recorded absorbance spectra is shown in Fig. 11(a) . In Fig. 11(b) , the measured absorbance after saturation is depicted, showing very good agreement to literature data for isopropanol vapor (from Ref. 27).
Summary
We presented recent results obtained with an EC-QCL module equipped with custom-made MOEMS scanning gratings in Littrow configuration. The MOEMS scanning grating is operated at its resonance frequency of 1 kHz and covers the whole spectral range of our QCL chips (>300 cm −1 ) in 500 μs. The MOEMS EC-QCL was characterized in pulsed and cw mode with regard to spectral reproducibility and pulse-to-pulse fluctuations. Spectral fluctuations in dynamic operation were found to be below 0.27 cm −1 over 30 s, measured in cw mode. Pulse-to-pulse fluctuation showed no drift effects on timescales of several seconds, significantly more than necessary for real-time measurements. Furthermore, we employed the MOEMS EC-QCL as a spectroscopic light source to perform real-time spectroscopy in different prototypical application scenarios: stand-off backscattering spectroscopy using a handheld scanner was presented, including identification of a target compound on an interfering substrate. In future work, we will refine the optical design and utilize coated plastic optics to reduce the size and mass of the instrument, and implement an autofocus mechanism to allow for more flexible use in end-use environments. Transmission spectroscopy in nonstatic scenarios was demonstrated in two examples: defects as small as 2 mm in width in a silicone coating on a PE foil could be detected while the sample was moving at 0.5 m∕s. Rapidly occurring changes in isopropanol gas concentrations could be reliably tracked while isopropanol vapor was blown into an integration sphere. Fig. 11 (a) Time-resolved color-coded representation of the measured absorbance spectrum, recorded while air saturated with isopropanol vapor is blown into an integration sphere (see text). Data have been referenced to the initial state (no isopropanol present). Changes in absorbance appear on short timescales of ∼10 ms, saturation is approached after ∼0.5 s. (b) Measured absorbance spectrum after 0.5 s (in red), showing a very good match to literature data in blue (from NIST, 27 scaled to our data to account for different path length and offset by 0.02 for better visual comparison).
